The operations of freeway ramp metering and urban traffic network signal control are independent in most areas. Such situation may cause some conflict between traffic streams of the two subsystems, or, at least, their dynamic interactions have not been taken into account from an overall system viewpoint. Traffic performance can be improved if the controls of these two subnetworks are integrated. This paper proposes a novel signal control strategy for the feeding intersection and a coordination strategy for integrating it with the corresponding freeway onramp metering. UP ALINEA with queue-overwrite is used for the ramp metering. A signal optimization, which takes into account the available ramp space and traffic demand, is developed for intersection signal control. A calibrated micro-simulation is used to compare the proposed control/coordination strategies and current control plans in the field. Simulation result shows that, even though the overall system performance only gets a marginal improvement, intersection delay reduces significantly.
INTRODUCTION
Freeway ramp metering and arterial signal control are important components of traffic operations. In most areas nowadays, these two components work independently, that is, each of them only look at the traffic condition within its vicinity and make decisions separately. The independent decisions of the two operations can reduce the performance on both roadways, because the freeway system and surface street system are physically connected and have strong interaction with each other in two ways. First, drivers access or leave freeways through ramps and the nearby intersections. The traffic condition on freeway ramps largely impacts the traffic flows at those nearby intersections, and vice versa. Second, a significant portion of drivers may reroute to surface streets when the freeway is congested for some incidents. In this case, the arterial parallel to the freeway would have a larger traffic flow due to freeway congestion. If ramp metering and signal control are coordinated, they can have richer information to predict traffic condition and thus make smarter decisions.
Many researchers have been working on the problem of coordinating the control of freeway system and that of surface street system to improve traffic performance, and various proposals or useful results are produced. Those proposed control methods can be divided into two categories, model-based and non-model-based. A model-based method uses a traffic model to predict the change of traffic states. It computes control actions through optimizing a certain performance index, which is usually selected to be total travel time or delay. The advantage of a model-based method is that it is a generic solution. It has no limitation on the size of the network considered. It can incorporate different practical constraints, for instance, the range of ramp meter rate or the cycle length of intersection signals, as the constraints of optimization. It can be applied to a rerouting problem, or a traffic planning problem. However, to use a model-based method, traffic demand of the future and the turning information at each intersection/junction must be known or be able to be well predicted. This excessive requirement of traffic information may be difficult to meet. Furthermore, the selected traffic model has to be well calibrated. Otherwise, the inaccurate prediction of traffic states can ruin the optimality of proposed control. Examples of model-based methods can be found in [1, 2] . In [1] , Papageorgiou selected the store-and-forward model and minimized the criterion of delay or total time spent. This method was proposed as a unified approach for integrated control design, which can cover signal control, ramp meter, VMS control, etc. The strength of this proposal is that the formulation is a linear problem, which can be solved efficiently. In [2] , van den Berg et al. proposed a Model Predictive Control method. They chose METANET model to represent freeway traffic, and a queue model for surface streets. Similar to [1] , they also minimized a performance index of travel time.
In a non-model-based method, as the name suggested, no traffic model is deployed, and control actions are selected from a number of pre-defined plans or determined by certain criteria based on the detected traffic condition. The advantage of this method is that it is simple to implement and the required measurement usually can be obtained. Examples of non-model-based methods can be found in [3, 4, 5] . In [3] , Kwon et al. presented an adaptive control algorithm to coordinate the ramp meter control and the signal control of the adjacent intersection. This algorithm did not require prediction of traffic demand. It only used vehicle counts and presence from loop detectors to compute a congestion index for each link on the freeway and arterial. Based on the congestion index, it then adjusted the meter rate to balance the congestion level of freeway and arterial. The green durations of intersection signals were determined in a frame similar to actuated control [6] , with the congestion index replacing vehicle actuation. In [4] , Tian et al. considered the integrated control of ramp meter and signal control of a diamond interchange. In this control design, ramp meter rate was chosen based on freeway occupancy, and intersection signal control was an actuated control, whose maximum green would be changed if rerouting occurred. Zhang el. at presented a similar idea but different locally synchronized approach in [5] . The ramp metering method they used was ALINEA [7] , and the signal control was actuated control. The meter rate was updated based on the traffic condition, and it could be switched off under contain conditions. The maximum green in actuated control was adjusted according to the detected traffic.
Liu and Wang in [8] presented results regarding safety benefit of ramp metering on, which was interesting and different from most previous work which focused on mobility side. California, perhaps, is the most popularly state in the US in application of ramp metering for freeway traffic management. Work in [9] gave a panoramic and extensive review of the current status and prospects of Ramp Metering Program in California including policies, development plans, design manual, and system management initiatives, which is a good reference for both field application of ramp metering as well as academic research.
In this paper, we consider a localized coordinated control problem of two subsystems, a freeway on-ramp and its adjacent intersection. A site which has an onramp bottleneck is selected for this study, and traffic data is collected to investigate its characteristics. We propose a control method which comprises ALINEA and an optimized signal control. This method is evaluated through well calibrated microscopic simulation. The remainder of this paper is organized as follows: In Section 2, the traffic condition of the selected location is described, focusing on its road geometry and traffic demand which lead to the congestion; In Section 3, the calibrated microscopic model which will be used to evaluate the proposed control is presented; In Section 4, the proposed control method is explained in detail; In Section 5, the simulation result of the control method is given and analyzed; the last section, Section 6, is the conclusion of this study.
DESCRIPTION OF STUDIED SITE
The site selected in this study is an interchange at SR-87 southbound (SB) and W. Taylor St in San Jose, California. It is located about 2 miles south of San Jose International Airport, as shown by the map in Figure 1 . SR-87 mainline has two general lanes and one high-occupancy-vehicle (HOV) lane. The southbound on-ramp from W. Taylor St is about 200 meters long, which also has two general lanes and one HOV lane. During afternoon peak hours, this on-ramp has a very large traffic flow, which can be 1300vph or higher. The downstream on-ramp, Julian St on-ramp, is about 800 meters from Taylor St on-ramp. The merging area for the Taylor St on-ramp is very short because the acceleration lane becomes an exit-only lane right after the Taylor St onramp. As a result, drivers who take the Taylor St on-ramp have to merge to left lanes immediately after they get on the freeway. The road geometry at this location, together with the high traffic demand, makes the on-ramp a bottleneck. According to the measurement collected from loop detectors installed upstream of the on-ramp, flow recorded at this location is only about 1300 to 1500 vphpl in typical weekday afternoon peak hours, while it can reach 1600 to 1800 vphpl in non-peak hours. In addition, speed at this location is about 20 mph in peak hours, with both its upstream and downstream recorded higher speeds (data source from PeMS [10]).
In order to investigate the traffic flow at the intersection, traffic volumes were collected on September 5th, 2012, which is a typical workday. This data was obtained through the Miovision system [11] . In this system, cameras were set up overhead at the intersection to record videos, and traffic volumes were obtained by processing the images. Data was collected from 4:15 -7:00pm, during the time when freeway was congested. Table 1 shows the collected data. From this table, it can be observed that westbound left-turn (LT) and eastbound right-turn (RT), the two movements towards the southbound on-ramp, had significant flows at the intersection. Due to the congestion in the merging area on the freeway, a long queue at the on-ramp was observed from the video, and queue spillover at the on-ramp occurred frequently during the recording period. The on-ramp spillover further caused long queues for westbound left-turn and eastbound right-turn at the intersection. Because there is a close intersection located east of the studied intersection, Taylor St & San Pedro St, the left-turn bay cannot accommodate the queue occasionally. This queue was seen to propagate and block upstream intersection(s) from the video. In order to accurately re-create traffic conditions, field-implemented traffic control plans and field-collected traffic volumes are utilized in the simulation model. Traffic control plans are obtained from maintenance agencies. According to those control plans, ramp meter and signal control are both time-of-day plans. The ramp metering rate is selected from a set of values based on freeway mainline occupancy. The two intersections in consideration are in actuated control, but they are not coordinated. Traffic volumes input to the simulation model were obtained from two sources. One data source is the intersection data collected by the Miovision system mentioned in the previous section. The raw data is given in every minute, and it is aggregated over five minutes as the demand profile. The other data source is the freeway data from PeMS. It provides the demand at the most upstream of freeway, and the demand is also given in five minute interval in the simulation. Even though PeMS does not have ramp data, it could be computed from the intersection data. In the intersection data, the volumes of westbound right-turn and southbound right-turn are missing, because they were not captured by the cameras. However, the missing data should not affect the accuracy of the simulation model. This is because the demands for these two movements were much lower than the others (about 5 vehicles every 2 minutes for each movement by our empirical experience). The westbound right-turn had very long green time and the southbound right-turn is stop controlled. There were usually no queues presenting at these two movements, and the vehicles of these two movements rarely impact (or are impacted by) vehicles of other movements. To make the micro-simulation a valid test bed, it has been carefully calibrated to match the real traffic conditions. The criterion for calibration is selected from [13, 14] . By the criterion, at least 85% of the simulated flow values are required to have acceptable errors and to have GEH<5. A simulated flow value is the average flow of a link in ten minutes in this calibration. The error is acceptable if it satisfies the requirement below.
Link flow quantity If 700vph < real flow < 2700vph, simulated flow has an error within 15%; If real flow < 700vph, simulated flow has an error within 100vph; If real flow > 2700vph, simulated flow has an error within 400vph. The flow GEH statistic is computed by eqn (1) . In this equation, M(k) is the simulated flow and C(k) is the corresponding flow measured in the field at k-th time interval. The calibration criterion also requires at least 85% of simulated speed values achieve an error within 5mph. Speeds are only compared at freeway mainline because we only had speed measurement there, but flows are compared at both freeway mainline and all the movements at intersection.
(1)
The simulation model has been conducted 20 runs with different random seeds to obtain an average performance. Each run generates 16 data points for each link (the simulated period is 165 minutes and one data point accounts for 10 minutes). Table 2 shows the summary of calibration results for intersection movements at SR-87 & Taylor St. It can be seen that, on average, all movements have more than 85% of the data points at which the flow is within the required error range. The percentages of flows for all movements with GEH<5 also reach 85% or higher. Row 3 and Row 4 in Table 2 show the standard deviation of the percentages. Notice that one data point accounts for 6.25% in the simulation. It is observed that the deviation is in an acceptable range. Table 3 gives the result for the freeway. It shows that the percentage of flows meet the allowable error and the percentage of flows with GEH<5 are higher than 85% again. In addition, more than 85% of the speed values have less than 5mph error. The values in Table 2 and Table 3 indicate that the model is satisfactory and it can be used for evaluation of proposed control.
CONTROL DESIGN
The control design proposed in this paper aims at coordinating the control of two subsystems, on-ramp metering and intersection signal control at the adjacent intersection. There are two focuses of this control design, its capability to improve the traffic condition and its practicability of field implementation.
As mentioned in Section 2, the congestion on the street is caused by the congestion at the merging area on freeway. Improving the freeway traffic situation can help to reduce the intersection delay and queue length. Therefore, we choose a ramp metering design that could prevent freeway breakdown and maximize throughput flow. However, the designed ramp meter rate is subjected to some limits for safety concerns. Furthermore, the ramp meter rate cannot be too low to allow absolute priority to freeway traffic, as that would lead to queue propagation at the interchange and, even further, queue spillovers or blockage on the street.
At the interchange, the westbound left-turn and eastbound right-turn are two major flows, and they usually have long queues. Hence, delays at these two movements are the major part of intersection overall delay. It is preferable to give long green durations to them if the on-ramp can accommodate. By doing this, insufficient on-ramp feed flow can be avoided, on-ramp storage can be effectively used and intersection queues can be reduced. As a result, intersection delay can be improved. However, once the on-ramp becomes full, it is inappropriate to distribute long green to these two movements because vehicles cannot advance and green time will be wasted. In this case, the green durations for these two movements should be reduced and extra green should be given to other movements. Given the different preference in these two situations, the designed signal control has to wisely distribute green times to intersection movements, taking into account the condition at the on-ramp. The current actuated control fails to do this because it extends green as long as there is a vehicle actuating the detector (until max out), disregarding whether the on-ramp can take the vehicle or not. Based on the considerations mentioned above, the proposed control strategy is composed of two parts, the ramp metering control and the interchange signal control. The ramp metering control adopted in this study is UP ALINEA with queue-overwrite. In the interchange signal control, green durations for each movement are obtained through an optimization, taking into account the meter rate and on-ramp queue length. In this proposed control, the coordination has been incorporated in the interchange signal. Details about the two controls are explained in the following subsections.
Freeway Metering
The following notations are used in this subsection to explain the metering control. The metering algorithm used in this study is UP ALINEA. Detail of this algorithm can be found in [7] . Eqn (2) shows how the metering rate is updated in the algorithm of ALINEA. This update law is an integral control. K R is a positive value. If the measured occupancy is lower than the target occupancy, the metering rate will be increased allowing larger on-ramp flow, otherwise it will be decreased. The update equation drives the freeway occupancy in the merging area toward the target value. The target value is usually selected to be the critical occupancy, which leads to maximum throughput on freeway. (2) Since freeway detectors are placed upstream of the on-ramp in the studied site, occupancy in the merging area is not directly measurable. Therefore, ALINEA's extended version, UP ALINEA, is actually adopted in this study. UP ALINEA estimates the occupancy of the merging area (downstream of on-ramp) from upstream occupancy and flows of the mainline and the on-ramp, and then computes the meter rate by eqn (2) . The estimation of downstream occupancy is different in free-flow and congested condition. If upstream occupancy is not greater than critical occupancy (o in (k) ≤ o cr ), downstream occupancy would be estimated by eqn (3) .
Otherwise, it would be estimated through eqn (4) and (5). (4) (5) α and γ are tuning parameters, and w and ô are determined by traffic characteristics. In this study, α = 1, γ = 0.2, w = -15 km/h and ô = 25% are chosen.
Because a very low or very high metering rate is not practical, the calculated rate from UP ALINEA will be truncated if it is outside the range of 400-900 vphpl. In addition, to prevent queue spillback at the street, a fixed meter rate will be used to release on-ramp queue if queue spillback is detected. The release rate is selected to be 700 vphpl.
Intersection Signal Control
The following notations are used in this subsection to explain the intersection control. i: phase index. g i (k): the green length assigned to phase i, parameter to be designed for signal control. The goal in signal control design is to determine the green durations g i 's in each cycle. We propose to distribute a whole cycle to each phase according to its desired green time, with efficient use of the on-ramp storage. By desired green, it means the green time to serve a phase demands based on its present queue and incoming vehicle volume. Given the cycle length C, demand rate d(k), present queue q(k) and discharge (saturation) flow rate f sat , the term desired green time g des can be calculated by g des (k)=(d(k)·C+q (k))/f sat . If we minimize the first term in the objective function (6), with μ ij = ν ij = 1, we will make all the phases have the same ratio between distributed green length and desired green length. In this way, the demand and supply of each phase are balanced in the green distribution. In order to effectively use the on-ramp storage, the second term is added in the objective function. In the second term, the term
can be viewed as the maximum potential traffic volume entering the on-ramp, and RA(k) is the available space on the ramp. The second term in (6) penalizes on the differences between the feeding volume and the available space at on-ramp. By adding this term to the objective function, the signal control decision is to maximize the use of available on-ramp space. ν ij and m ij are used to represent the priority of phases and δ is used to scale the second absolute value (unit in veh) to the level of the first term in (6), which is a ratio. (6) There are several practical constraints to be considered in the signal control design, which can be expressed by (7) -(10). Constraint (7) is the minimum green of each phase. It is enforced for traffic safety. Constraints (8) and (9) are two requirements because of the dual ring structure utilized by the signal at the interchange. Constraint (8) requires the green durations to add up to one cycle. Constraint (9) implies that the upper ring and the lower ring cross the barrier at the same time. Constraint (10) limits the total number of vehicles advancing to the on-ramp to be no greater than the on-ramp available space. This constraint can help to avoid queue spillover. However, Constraint (7) and (10) cannot be both feasible when traffic is highly congested and the on-ramp is fully occupied. This is because stratifying Constraint (7) means a certain number of vehicles would move to the on-ramp, which can be larger than that the on-ramp can accommodate. In this case, Constraint (10) will be dropped. The discussion in the two paragraphs above assumes that the cycle length is known in advance. However, cycle length can be a decision variable in some signal control designs. In this study, cycle length is free to choose and can be time-varying, because the controlled intersection is not coordinated with other intersections. Therefore, cycle length needs to be selected before the optimization described above is applied. Here we use a simple method to determine the cycle length. Before a new cycle starts, the critical flow ratio from the demand of all phases is calculated. The computation of critical flow ratio is shown by eqn (11) . If the critical flow ratio is lower than 0.5, it is believed that
the intersection traffic demand is small and 70sec is selected as the cycle length. Otherwise, the intersection has large traffic demand and 95sec will be selected instead. The values of threshold 0.5, and the two cycle lengths 70sec and 95sec, are chosen based on observations in simulation runs. In particular, the threshold is selected to be 0.5 because it will not cause the cycle length to fluctuate frequently. In the simulation, cycle length is 95sec during the congested period, and cycle length of 75sec occurs near the end of the simulation when the traffic demand drops and the system recovers to free-flow.
(11)
SIMULATION RESULT
To evaluate the performance of the proposed control strategy, it is implemented in the calibrated simulation mentioned in Section 3 and compared with the currently fieldimplemented plans. During simulation, traffic data is collected from the detectors on the freeway to update the ramp meter rate by the UP ALINEA algorithm. If the metering rate is outside the allowable range, it will be truncated. If the queue at the on-ramp exceeds the limit, the computed metering rate will be replaced by the queue release rate. The update of intersection control is not in a fixed rate, because there are two options for the cycle length. When a cycle terminates, new cycle length and green splits are computed and updated based on the detection from intersection and on-ramp. The optimization in the signal control is a linear program and it executes very fast. As a result, it will not cause time delay problems in real-time practice. Delay and total travel distance are chosen for comparison in this study, and they are collected from simulations for each movement at the interchange and the overall system. Similar to calibration, 20 simulation runs with different random seeds are conducted to obtain an average performance. The simulation results are presented in Table 4 . In this table, columns 2-4 present the performance aggregated over 20 runs, and columns 5-7 present the standard deviation of the performance measures in 20 runs. In each entry, the value without parentheses is delay in hours, while the value inside the parentheses is travel distance in kilometers. It can be observed that the difference of travel distance is very small when the proposed control is applied. There is no vehicle lost and withheld in the simulation. In the proposed control, total delay in the system is reduced by 1.37%, but the intersection delay is reduced by 8.11%, which is much more significant. EB right-turn, WB left-turn, WB through and NB right-turn have significant reductions in delay. Even though SB left-turn shows 17.05% increase in delay, the traffic flow for this movement is very small and the increase in absolute value is acceptable. From this table, it can be seen that the total delay of the movements with significant values is decreased by the proposed control. This reduction overweighs the small delay increase of the movements with small values in total delay.
The small delay reduction in the overall system and significant improvement at the interchange can be explained as follows. The on-ramp bottleneck causes the major delay in the network. Given the high traffic demand in the mainline and at the on-ramp, it is unlikely to resolve freeway congestion without causing queue propagation in the interchange if ramp metering is the only control influencing freeway flow. Intersection delay only accounts for a small portion in the system due to relatively small volume. 
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Therefore, its significant reduction does not make a large change in the total delay. To get larger improvement in the overall system, multiple neighboring ramps need to be coordinated. But this is beyond the project scope in this study. We would like to examine the change of queue lengths at the intersection. Table 5 presents the maximum queue lengths recorded in the simulation. The queue lengths are collected for individual movements at the intersection and they are aggregated over lanes. The unit for queue length is number of vehicles. Similar to Table 4 , columns 2 -4 of this table give the average values in 20 simulation runs and columns 5 -7 present the standard deviation. The changes in the mean maximum queue lengths are not significant. In the simulation, queue spillover at WB left-turn is still observed in the proposed control method, but it is slightly better than that in the currently fieldimplemented control. This spillover is difficult to avoid because of the large traffic demand of this movement and the congestion on the on-ramp. Queue spillovers for other movements do not appear in the simulation. 
CONCLUSION
In this paper, a novel intersection traffic signal control algorithm and a coordination strategy have been developed to integrate two sub-control systems, freeway on-ramp metering and the corresponding intersection signal control. UP ALINEA with onramp queue-overwrite is chosen for the ramp metering. A novel signal optimization approach is proposed for green distributions based on intersection and onramp traffic conditions, which intend to balance the green times for each movement according to its demand while taking into account the available onramp spaces and intersection turn pocket storage capacities. The proposed control is compared with the current fieldimplemented control plan through simulation runs on a well-calibrated model. Simulation results show that, even though the overall system delay only decreases slightly, intersection delay has a significant reduction. 
